ABSTRACT: The 42-residue -(1-42) peptide is the major protein component of amyloid plaque cores in Alzheimer's disease. In aqueous solution at physiological pH, the synthetic -(1-42) peptide readily aggregates and precipitates as oligomeric -sheet structures, a process that occurs during amyloid formation in Alzheimer's disease. Using circular dichroism (CD) and ultraviolet spectroscopic techniques, we show that nicotine, a major component in cigarette smoke, inhibits amyloid formation by the -(1-42) peptide. The related compound cotinine, the major metabolite of nicotine in humans, also slows down amyloid formation, but to a lesser extent than nicotine. In contrast, control substances pyridine and Nmethylpyrrolidine accelerate the aggregation process. Nuclear magnetic resonance (NMR) studies demonstrate that nicotine binds to the 1-28 peptide region when folded in an R-helical conformation. On the basis of chemical shift data, the binding primarily involves the N-CH 3 and 5′CH 2 pyrrolidine moieties of nicotine and the histidine residues of the peptide. The binding is in fast exchange, as shown by single averaged NMR peaks and the lack of nuclear Overhauser enhancement data between nicotine and the peptide in two-dimensional NOESY spectra. A mechanism is proposed, whereby nicotine retards amyloidosis by preventing an R-helix f -sheet conformational transformation that is important in the pathogenesis of Alzheimer's disease.
The brains of patients with Alzheimer's disease (AD) contain an abundance of amyloid plaques containing the -peptide [for recent reviews, see Iversen et al. (1995) and Selkoe (1994) ], which is a small peptide composed of 39-42 amino acid residues (Figure 1 ). The -peptide is a normal, soluble physiological component (Gravina et al., 1995) . However, under certain environmental conditions, the -peptide can produce oligomeric -sheet structures that eventually precipitate as amyloid plaques (Kirschner et al., 1987; Gorévic et al., 1987; Hilbich et al., 1991; Barrow & Zagorski, 1991; Burdick et al., 1992; Terzi et al., 1994) . The soluble -sheet structure has the following properties that are relevant to amyloidosis in AD: (1) it is a precursor to the insoluble -pleated sheet structure in amyloid plaque, (2) it can act as a seed that nucleates amyloid formation Snyder et al., 1994) , and (3) it is neurotoxic to hippocampal neuronal cultures (Simmons et al., 1994; Harrigan et al., 1995; Pike et al., 1995) . For these reasons, a major goal of research is now focused on identifying substances that prevent -sheet formation and the accompanying precipitation of -peptide into amyloid. Despite the numerous substances known to enhance amyloidosis, relatively few are known to inhibit it [for examples, see Eriksson et al. (1995) , Janciauskiene et al. (1995) , and Wood et al. (1996) ], particularly in a conformationally specific manner.
A major focus of our research is to provide a molecular basis for amyloid formation in AD. The recent reports of an inverse relationship between the risk of AD and cigarette smoking (Graves et al., 1991; Van Duijn & Hofman, 1991; Brenner et al., 1993; Friedland, 1994; Graves & Mortimer, 1994) , together with the ability of nicotine to be neuroprotective and inhibit -peptide cytotoxicity (Shimohama, 1996; Kihara et al., 1996) , inspired us to investigate the effects of nicotine and cotinine on the solution conformations and aggregational properties of the -peptide. Nicotine is a major component of cigarette smoke that is metabolized and excreted as cotinine. We report here that nicotine prevents the synthetic -(1-42) peptide from precipitating as an amyloid-like deposit. The CD and NMR spectroscopic data suggest that the inhibition may result from the binding of nicotine to the more soluble R-helical structure, which in turn impedes an R-helix f -sheet (soluble) f -sheet (precipitate) process from occurring.
MATERIALS AND METHODS

Sample Preparation.
The pH values were measured with a pH meter (Model PHB-62, Omega Engineering, Inc.) equipped with an electrode (Model MI-412, Microelectrodes, Inc.) that was calibrated with pH 4.00 and 7.00 buffers. Unless specified otherwise, all peptide solutions were prepared in 14 mM sodium phosphate buffer at pH 7.2. Distilled and deionized water, nicotine, cotinine, pyridine, and N-methylpyrrolidine were of the highest grade possible from commercial sources and were used without further purification. The -(1-28) peptide was synthesized, purified, and characterized as described previously , while the -(1-42) peptide was purchased in crude form from Anaspec, Inc., and purified by highperformance liquid chromatography (HPLC) in our laboratory. Analysis of the HPLC-purified peptides by proton (  1 H) NMR spectroscopy in deuterated trifluoroacetic acid solvent showed that they were approximately 95% pure. A major difficulty with solution studies of the -(1-42) peptide relates to the ease in which it aggregates and precipitates. It has been established that the soluble -sheet structure of the -(1-42) peptide is neurotoxic (Simmons et al., 1994; Harrigan et al., 1995; Pike et al., 1995) ; however, there still exists some discrepancy about the levels of neurotoxicity [for a review, see Neurobiology of Aging (1992) 13, 535-623; Wujek et al., 1996] . In fact, several groups have reported that synthetic -peptides show either trophic or toxic responses on neurons in vitro. Although the reasons for these deviations are unknown, they are believed to arise in part from differences in the aggregation states and the solution structures of the -peptides. The ability to produce the presumably neurotoxic, aggregated -sheet structure is dependent on many factors, particularly the peptide concentration, ionic strength, and solvent polarity (Barrow & Zagorski, 1991; Barrow et al., 1992; Hilbich et al., 1991; Shen et al., 1994; Snyder et al., 1994) . For example, the aggregation rate is extremely rapid in aqueous acetonitrile solutions, such as those used for HPLC purification of the peptide (Shen & Murphy, 1995) . The longer that the -(1-42) peptide remains in aqueous acetonitrile solution, the more likely it will become an aggregated -sheet structure. Additionally, different commercially prepared batches of HPLC-purified -(1-42) peptides can have different starting aggregation states and structures (Soto et al., 1995b) , which will then in turn affect their solubility, aggregation rates, biological activities in solution (Busciglio et al., 1992 , Pike et al., 1993 , Simmons et al., 1994 , Wujek et al., 1996 , and the ability to reproduce biophysical measurements.
To partly overcome the above complications, we developed a pretreatment method that involves sonicating the dry peptide in concentrated trifluoroacetic acid (TFA) before biophysical measurements. The TFA breaks up the preaggregated peptides and affords monomeric random coil structures. This method ensures that different batches of purified -(1-42) peptide will provide reproducible starting points for biophysical and neurotoxicity studies. A more complete description of this pretreatment method will be presented in a forthcoming paper.
Circular Dichroism Measurements and Data Analysis. All CD spectra were obtained at room temperature with a Jasco spectropolarimeter (Model J-600A). A quartz cell (Hellma, Inc.) of 1 mm path length was used to obtain spectra at 1 nm intervals from 190 to 260 nm. Spectra resulted from averaging four scans, followed by subtraction of the CD spectrum for phosphate buffer with or without nicotine. For studies following the variations of secondary structure over time, the first spectrum (time 0 h) was taken 30 min after peptide dissolution while subsequent spectra were taken at time intervals relative to time 0 h. The data were analyzed with the Jasco J-600 program that was located on the DP-501 computer of the spectropolarimeter or off-line on a Macintosh Power PC-7100 computer.
The -(1-42) peptide adopts 100% oligomeric -sheet structure in solution before it precipitates as an amyloidlike, oligomeric -pleated sheet structure (Kirschner et al., 1987; Barrow et al., 1992) . Once the precipitation starts, the solution conformation will remain 100% -sheet and the ellipticities will decrease in amplitude since the peptide concentration in solution decreases. In general, the determination of the secondary structure of peptides and proteins from CD spectra usually employs equations that compare the observed and the expected maximum mean-residue ellipiticities ([θ] τ) at a specific wavelength (τ) that is characteristic for a particular secondary structure. The -sheet structure is characterized by a maximum at 195 nm and a minimum at 217 nm (Greenfield & Fasman, 1969) . If a peptide folds into 100% -sheet, then the experimentally observed [θ] 217 should be -18 400 deg‚cm 2 /dmol. However, the determination of the [θ]τ value is critically dependent upon both the measured ellipticity (θ)τ and an accurate peptide concentration. The present study followed CD spectra of the -(1-42) peptide over time, in which the peptide concentrations changed. This indicated that an alternative procedure was needed to estimate the amount of soluble -sheet structure. The method we used compared spectra recorded at different times, and the percent soluble -sheet structure was obtained by comparing the ratio between the ellipticities at 195 and 217 nm. The ratio where precipitation started was standardized to 100% -sheet. Similar procedures have been utilized to obtain reliable estimates of secondary structures for other peptides [see Muñoz et al. (1995) and references cited therein].
Precipitation Assay Using UltraViolet Spectroscopy. The -(1-42) peptide (0.73 mg, 0.15 µmol) was dissolved in 0.1 mL of a 5% aqueous TFA solution. The solution was adjusted to pH 1.5 by adding microliter amounts of neat TFA and then sonicated for 60 min, followed by dilution to a final volume of 3.0 mL with the addition of a pH 7.2 phosphate buffer solution (14 mM). The -(1-42) concentration was now 50 µM. Because the aggregational properties of the peptide rapidly increase below pH 7 (Fraser et al., 1991; Barrow & Zagorski, 1991; Burdick et al., 1992) , the pH of the final solution was always immediately checked to ensure that it was above 7.1. In most cases, the pH remained at 7.2, indicating that a 14 mM phosphate buffer concentration was adequate to maintain the pH. However, if the pH was less than 7, it was then quickly raised to pH 7.2 by the addition of microliter amounts of dilute potassium hydroxide solution. After ensuring the pH was properly adjusted, the solution was split equally into two 1.5 mL fractions. To one fraction was added an aliquot (2.4 µL) of a 15 mM aqueous solution of (S)-(-)-nicotine in phosphate buffer (14 mM, pH 7.2). No corrections of pH readings were made after the addition of the nicotine since control experiments showed that this addition did not alter the pH. Similar procedures were employed for the studies with cotinine, pyridine, and N-methylpyrrolidine, in which 15 mM stock solutions of these substances were prepared in aqueous phosphate buffers and then added to the peptide solutions.
The two fractions were centrifuged at 3800 rpm for 1 h each day immediately preceding the UV measurement. Aliquots of the resulting supernatants were assayed for absorbance at 210 nm with a Perkin-Elmer Lambda 3B UV/ vis spectrophotometer. The absorbance value obtained for the nicotine-peptide solution was compared to the absorbance of the peptide in buffer alone, and the values obtained were expressed as percent soluble peptide.
Nuclear Magnetic Resonance Spectroscopy. All program (version 2.3, Biosym, Inc. were performed, since control experiments showed that these substances did not significantly alter the pH. The NMR measurements were performed at 30.0°C, and the carrier was placed in the center of the spectrum at the position of the residual protium absorption of D 2 O (HDO). The HDO signal was suppressed by low-power irradiation during the recycle delay. For one-dimensional (1D) spectra, 128 scans were acquired with a total recycle delay of 4.2 s, which included an acquisition time and recycle delay of 2.2 and 2.0 s, respectively The digital resolution of the acquired data was 0.24 Hz/point, which was reduced to 0.12 Hz/point by zero-filling the data once before processing. To further improve the resolution, before Fourier transformation spectra were multiplied by a Lorentzian-to-Gaussian weighting factor. The majority of the 1 H NMR peaks of the -(1-28) peptide in aqueous SDS-d 25 solution were assigned and briefly described by us in an earlier publication (Talafous et al., 1994) . The 1 H NMR peaks of nicotine in D 2 O containing 20 mM SDS-d 25 were assigned at 30.0°C using a standard absolute value two-dimensional (2D) COSY spectrum (Wüthrich, 1986) . The 2D NOESY data (Kumar et al., 1980) for nicotine, the -(1-28) peptide, and a 2:1 mixture of nicotine--(1-28) were acquired in the phase-sensitive mode with quadrature detection in both dimensions (States et al., 1982) . The irradiation was carried out during both the recycle delay (1.5 s) and the mixing time (250 ms). Before Fourier transformation spectra were multiplied by a skewed sine-bell-squared window function in F 2 and a 90°p hase-shifted sine bell in F 1 . Baseline roll was reduced by careful adjustment of the intensity of the first points in F 2 and F 1 (Otting et al., 1986) and by the application of a cubicpolynomial baseline correction of the rows in the final 2D matrix. For the data acquired at 600 MHz, the spectral width in both dimensions was 7000.4 Hz, and 256 complex increments (each consisting of 40 scans) were acquired with 2048 points for the F 2 dimension. The data were zero-filled twice in the F 1 dimension to provide 2D matrices consisting of 1024 × 1024 points. Figure 1 are the primary sequences of the two synthetic -peptides used in the present study. These are the -(1-28) and -(1-42) peptides that contain residues 1-28 and 1-42 of the amyloid -peptide. Among the various sized -peptides, the 42-residue -(1-42) peptide is the most insoluble and can act as a seed that nucleates amyloid formation Snyder et al., 1994; Tamaoka et al., 1994) . The -(1-42) peptide is the predominant protein component in cerebrovascular amyloid and plaque core deposits (Roher et al., 1993; Gravina et al., 1995) , and familial AD amino acid substitutions of the amyloid precursor protein favor production of the longer -(1-42) over the shorter -(1-40) peptide . Because these results implicate the -(1-42) peptide in the development of amyloid plaques, we chose to study it in our CD and precipitation studies. As described in the Materials and Methods section, our protocol ensured that the peptide was in a well-defined, monomeric state before starting the CD and precipitation assays.
RESULTS
Shown in
The chemical structures of nicotine (1), cotinine (2), pyridine (3), and N-methylpyrrolidine (4) are also shown in Figure 1 . The biologically active stereoisomers of 1 and 2, which are (S)-(-)-nicotine and (S)-(-)-cotinine, related to cigarette smoke were used in the present study. The nicotine structure shown in Figure 1 represents the predominant species at physiological pH, in which the N-methylpyrrolidine nitrogen is protonated (pK a 8.02) and the pyridine nitrogen is not protonated (pK a 3.12) (Lide, 1991) . The pyrrolidine nitrogen in cotinine is part of an amide bond with the neighboring carbonyl and therefore is not protonated at physiological pH. The structurally related compounds, pyridine and N-methylpyrrolidine, were used as control substances, as these compounds are also heterocyclic amines and represent distinct subregions of nicotine ( Figure 1 ). The pK a values for pyridine and N-methylpyrrolidine are 5.25 and 11.27 (Lide, 1991) , so that at pH 7.2 the protonation state of the nitrogens is similar to nicotine.
Effect of Nicotine on the Rate of -Sheet Formation. The CD spectra for two solutions containing identical quantities of 50 µM monomeric -(1-42) peptide are shown in Figure  2A ,B. Both solutions were prepared in aqueous 14 mM phosphate buffer, and one of the solutions also contained 1 molar equiv of nicotine ( Figure 2B ). A 50 µM -(1-42) peptide concentration was selected since subtle conformational changes as well as the aggregation rates can be conveniently monitored by CD. Peptide concentrations above 50 µM underwent very rapid conformational change and aggregated too quickly to be monitored by CD, while lower peptide concentrations are too stable and require other components to promote aggregation (Iversen et al., 1995) .
The changes in secondary structure were monitored by recording CD spectra at different time intervals ( Figure  2A ,B). The time 0 h corresponds to CD spectra taken 20 min after peptide dissolution, while the remaining spectra were taken 24, 48, 72, 96, and 120 h later. For the control peptide solution without nicotine (Figure 2A ), at 24, 48, 72, 96, and 120 h there is a mixture of only two conformations, -sheet and random coil. This conclusion is supported by the presence of an isodichroic point at 205 nm, in which the ellipticity (θ) intensities are equal. In contrast, for the solution with nicotine ( Figure 2B ) no isodichroic point is apparent, suggesting that greater than two conformations exist in solution.
The percent soluble -sheet structure at each time interval was determined, and the results are shown graphically in Figure 2C . The -sheet conformation is characterized by a positive band at 195-197 nm and a broad negative band at 214-217 nm (Greenfield & Fasman, 1969; Woody, 1994) . Initially, at 0 h there is 8% and 58% -sheet structure for the solutions with and without nicotine, respectively. The -sheet structure is oligomeric and forms immediately in water solution, particularly at -(1-42) peptide concentrations greater than 10 µM . At subsequent time intervals, the [θ] for the CD bands centered at 196 and 215 nm get stronger, corresponding to increases in the amount of soluble -sheet structure. For the control peptide solution, the soluble -sheet content increases to 88% and 100% at 24 and 48 h, but then at 72, 96, and 120 h the peptide begins to precipitate, causing the CD bands at 196 and 215 nm to get weaker θ values. Although for these latter times the θ values are weaker, the amount of soluble -sheet remains 100% ( Figure 2C ). In previous work we showed that the -(1-42) peptide adopts 100% oligomeric -sheet structure in solution immediately before it precipitates as an amyloid-like oligomeric -pleated sheet structure . The precipitation decreases the peptide concentration in solution, but the overall (solution and precipitate) -sheet content remains 100%.
For the peptide solution containing nicotine, the soluble -sheet content rises to a maximum of 50% at 72 h and then drops to 40% and 38% for the remaining time. Most significantly, no peptide precipitation was detected for this solution. These data establish that nicotine causes a reduction in the kinetics of -sheet formation and an accompanying loss of the precipitation.
Effect of Nicotine on the Rate of -(1-42) Precipitation. To ascertain the effects of nicotine on the rate of -(1-42) precipitation, we performed separate studies using centrifugation and ultraviolet spectroscopy. These techniques have been successfully applied to related precipitation studies with the amyloid -peptides (Brunden et al., 1993; Bush et al., 1994) . The recently reported problems (Esler et al., 1996) in using ultraviolet spectroscopy for quantification of very dilute -peptide samples is not pertinent, since much higher peptide concentrations were used in the present study.
Two peptide solutions [50 µM -(1-42), 14 mM phosphate buffer, pH 7.2] were analyzed at 24-h intervals over 5 days. One of the solutions contained 1 molar equiv of nicotine. For each interval, the supernatant after centrifugation was inspected by ultraviolet spectroscopy to determine the amount of soluble -(1-42) peptide, and a graph displaying the results is shown in Figure 3A . The amount of soluble -(1-42) peptide for the control solution without nicotine rapidly declines, 98% f 78% f 69% f 51% for the first 3 days, and then falls to 40% and 33% at days 4 and 5. The solution containing nicotine shows no precipitation for the first 3 days and only a slight 4-5% reduction in soluble -(1-42) peptide at days 4 and 5. The inhibition to precipitation could be reproduced three times, and analysis of the data from the three different experiments indicate that our measurements are accurate to (10%. Error bars reflecting the (10% are included in the graphs of Figure 3 .
At lower concentrations, using a -(1-42) solution at 3.1 µM, precipitation of the control peptide solution was noticed after 3 days, whereas for an identical 3.1 µM peptide solution containing 1 molar equiv of nicotine no precipitation was detected up to 7 days. The peptide concentration of 3.1 µM was the lowest concentration in which reliable detection by ultraviolet spectroscopy could be seen without interfering background interference.
Another precipitation study was performed to examine the effects of control substances on the rate of precipitation of the -(1-42) peptide. This study used nicotine (1), cotinine (2), pyridine (3), and N-methylpyrrolidine (4) (Figure 1 ). The percent soluble -(1-42) peptide, with four solutions containing 1 molar equiv of nicotine, cotinine, pyridine, or N-methylpyrrolidine, was monitored over a 3-day period using centrifugation and ultraviolet spectroscopy. Over this period, nicotine and cotinine inhibited -(1-42) precipitation, , with the open rectangles corresponding to the upper (A) spectra without nicotine and the diamonds representing the lower (B) spectra with nicotine. As shown, at time 0 the solution without nicotine produces 58% -sheet structure, which begins to precipitate after 48 h. This high initial content of -sheet structure occurs during the 30 min interval involved with dissolving the monomeric, random coil peptide and then recording the CD spectrum.
with nicotine exerting a greater effect. However, both pyridine and N-methylpyrrolidine promoted precipitation ( Figure 3B ). These results suggest a possible structural requirement, in that both the pyrrolidine and pyridine ring moieties must be connected at the C3-C2′ bond to inhibit the -(1-42) precipitation.
Nuclear Magnetic Resonance Binding Studies. To explore the possibility of nicotine binding to the -peptide, we used 1D and 2D 1 H NMR spectroscopy. The solution NMR approach has the distinct advantage of being able to sequence-specifically locate individual amino acid side chains that bind to a particular ligand. However, it is not possible to obtain NMR spectra under the conditions used for the above CD and precipitation studies. In water solution, freshly dissolved monomeric -(1-42) peptide is initially a mixture of rapidly interconverting R-helix, random coil, and aggregating -sheet structures. This equilibrium would cause severe line broadening that would prevent the detection of resolved NMR signals. Additional line broadening would result from the subsequent aggregation and precipitation of the -(1-42) peptide, particularly at the higher concentrations required for NMR spectroscopy.
Instead of using the -(1-42) peptide, we used the shorter -(1-28) peptide, which is amenable to NMR analysis (Figure 1 ). The -(1-28) peptide is an appropriate structural model for the complete -(1-42) peptide, since it produces soluble monomeric R-helical structures (Barrow & Zagorski, 1991; Otvos et al., 1993) , as well as plaque-like oligomeric -sheet structures, similar to those found in natural amyloid plaques (Gorévic et al., 1987; Kirschner et al., 1987) . The hydrophobic 29-42 region increases the rate of aggregation and -sheet production (Hilbich et al., 1991; Barrow et al., 1992; Burdick et al., 1992; but should not affect the ability of nicotine to bind to the -peptide. Nicotine is a weak base with a pK a of 7.9 (Jones, 1987) , and at a blood pH of 7.4, nicotine is about 69% ionized and 31% un-ionized. Therefore, if binding does indeed occur, nicotine would be more likely to bind to the polar, hydrophilic 1-28 peptide region, rather than the completely hydrophobic 29-42 region (Figure 1) .
For the present study, we first examined the possibility that nicotine binds to the R-helical structure of the 1-28 peptide region. An intriguing possibility is that nicotine may prevent the R-helix f -sheet conversion, which occurs during aggregation, by binding and stabilizing the small amounts of R-helical structure that may be present for monomeric -(1-42) peptide. The three-dimensional solution structure of the -(1-28) peptide in trifluoroethanol/ water and SDS-d 25 micelle solution is predominantly R-helical (Talafous et al., 1994) and is qualitatively similar to that for the -(1-40) peptide (Sticht et al., 1995) . For the present study, we followed the binding of nicotine with the -(1-28) peptide in SDS-d 25 solution at pH 7.2. In SDSd 25 solution, the majority of the proton NMR resonances of the -(1-28) peptide have been assigned (Talafous et al., 1994) , and the NMR assignments for nicotine were obtained by 2D COSY.
Shown in Figure 4 are the downfield spectral regions of nicotine ( Figure 4A ), the -(1-28) peptide with 2 molar equiv of nicotine ( Figure 4B) , and the -(1-28) peptide alone ( Figure 4C ). The three, well-resolved histidine (His) 2H signals at 8.52, 8.47, and 8.42 ppm ( Figure 4C ) are consistent with the -(1-28) peptide being folded into an ordered R-helical structure in SDS-d 25 solution. If the predominate solution structure were random coil, then only one, degenerate His 2H signal would be present for His6, His13, and His14 . The NMR spectrum of the 2:1 mixture of nicotine: -(1-28) ( Figure 2B ) demonstrates that the peaks for nicotine and the His residues show changes in chemical shifts indicative of binding. The peptide His 2H and His 4H signals shift upfield 0.20 and 0.06 ppm, respectively, although the center His 2H signal at 8.47 ppm ( Figure 4C ), tentatively assigned to free or unbound His6, is still partly present in the mixture ( Figure 4B ). This suggests that nicotine may bind tighter to both His13 and His14 than to His6. Overall, the aromatic signals for the His residues are the only peaks showing any significant shift with nicotine. For example, the tyrosine and phenylalanine aromatic signals remain unperturbed with nicotine ( Figure  4B ), with the exception of minor 0.01 ppm upfield shifts of one phenylalanine signal ( Figure 4B ).
For nicotine most of the NMR signals undergo downfield chemical shifts in the presence of peptide. The aromatic 2H, 6H, 4H, and 5H pyridine ring protons shift downfield 0.10, 0.07, 0.07, and 0.03 ppm ( Figure 4B ), while the pyrrolidine 5′CH 2 and N-CH 3 display larger downfield shifts of 0.24, 0.31, and 0.19 ppm (Figure 5B ), respectively. For clarity, the upfield and downfield 5CH 2 ′ protons at 3.07 and 3.64 ppm are named the 5--CH′ and 5-R-CH′ protons, respectively. Interestingly, the N-CH 3 displays two signals with peptide; one signal appears downfield by 0.19 ppm, while the second signal shifts upfield by 0.50 ppm. The two signals presumably represent two different orientations of the pyrrole ring when bound to the His residues of the peptide. A complete summary of the observed chemical shifts is shown in Table 1 .
The NMR spectra shown in Figures 4 and 5 were obtained with a micelle-peptide ratio of 5, in which the SDS-d 25 concentration was 10 mM, slightly above its critical micelle concentration of 8 mM (Henry & Sykes, 1994) . Nearly identical chemical shifts were observed in spectra obtained with higher micelle-peptide ratios, and identical peptide R-helical CD spectra were observed at micelle concentrations below and above the aggregation number (Henry & Sykes, 1994) . These data establish that the secondary structure of the peptide and the binding of the peptide to nicotine are not susceptible to the micelle concentration. In addition, with the exception of a slight reduction in the intensities of the His 2H signals, the spectrum of the peptide-nicotine mixture ( Figure 5B ) could be reproduced after allowing the solution to stand for 2 weeks at room temperature. The slight reduction in the intensity of the His 2H signals results from hydrogen-deuterium exchange with the D 2 O solvent.
To build upon the information provided by the 1D NMR studies, we next turned our attention to the 2D NOESY experiment. Expanded contour plots of the 2D NOESY spectra for nicotine, -(1-28), and a 2:1 mixture in SDSd 25 solution obtained at 30°C are shown in panels A-C of Figure 6 , respectively. The 2D data were obtained in succession and processed using identical parameters. Due to the differences in molecular sizes and tumbling rates, the NOEs are negative for the peptide and positive for nicotine (Neuhaus & Williamson, 1989) . The nicotine molecule is small and tumbles rapidly; thus the diagonal and cross peaks have opposite signs. This is shown in Figure 6A with red positive cross peaks and a black negative diagonal. In the NOESY spectra of the mixture (Figure 6C ), the NOEs for nicotine become negative, consistent with the free nicotine becoming complexed to the peptide.
In the NOESY spectrum of nicotine ( Figure 6A ), the two, diastereotopic 5′CH 2 protons show NOEs to each other and to the N-CH 3 . There is also a weak NOE between the upfield 5′H and the 4′CH 2 . In the NOESY spectrum of the peptide alone ( Figure 6B ), the NOEs are analogous to spectra that we published earlier (Talafous et al., 1994) , and the assignments of the Lys16 side chain resonances are shown along the diagonal. For the NOESY spectrum of the mixture ( Figure 6C ), other than the His residues, there are no apparent changes in chemical shifts for the peptide resonances, and new NOEs were not detected between the peptide and nicotine. However, the NMR resonances for nicotine shift in accordance with results seen in the 1D data ( Figures 4B  and 5B) , and the NOE between the 5′CH 2 and the N-CH 3 is now absent (Figure 6C ). These results were established by overlaying NOESY spectra of free peptide ( Figure 6B ) with that of the mixture ( Figure 6C ). For all three NOESY experiments, spin diffusion was absent and only direct through-space interactions were detected (<5 Å), indicating that a 250 ms mixing time was appropriate for this study.
In summary, the chemical shift changes and the inversion in sign of the intramolecular NOEs for nicotine establish that nicotine binds to the His residues of the R-helix within residues 1-28 of the -peptide. The lack of NMR resonances for free nicotine in the mixture is consistent with the binding being in the fast exchange range (Lian & Roberts, 1993) .
DISCUSSION
Biological Functions of Nicotine and Its ReleVance to Alzheimer's Disease.
The purpose of the current study was to use well-established CD and NMR spectroscopic techniques to investigate the effects of nicotine and cotinine on the solution conformations and aggregational properties of the -peptide. In the past our laboratory has used these methods for studies of the -peptide [see Talafous et al. (1994) and references cited therein]. The results shown here establish that these methods can be successfully applied to investigate inhibitors of -amyloidosis and their binding properties. Nicotine in tobacco is hazardous to human health but in pure form has the potential to be a valuable pharmaceutical agent (Jones, 1987; Jarvick, 1991) . Throughout the body, nicotine binds to the cholinergic nicotinic gating site on cationic ion channels in receptors, and this in turn causes the release of neurotransmitters such as catecholamines and serotonin. Repeated nicotine intake can promote positive reinforcement and enhancement of performance, together with protection against Parkinson's disease, Tourette's disease, ulcerative colitis, sleep apnea, and AD.
Because there are decreased levels of nicotinic receptors in AD brains, several investigations have examined the potential use of nicotine for treatment. The earliest studies utilized intravenous or subcutaneous administration (Newhouse et al., 1988; Sahakian et al., 1989; Jones et al., 1992) . The results were generally positive with significant improvements in symptoms that are deficient in AD, including enhancement of immediate free recall, reaction time, and sustained visual attention. Subsequent studies showed that cigarette smoking, which contains high quantities of nicotine, reduces the risk of AD (Graves et al., 1991; Van Duijn & Hofman, 1991; Brenner et al., 1993; Friedland, 1994; Graves & Mortimer, 1994) . It was also recently established that sustained transdermal-patch delivery of nicotine improved performances on learning tasks in AD patients (Wilson et al., 1995) and that nicotine reverses a -(25-35) peptide induced amnesia in mice (Maurice et al., 1996) . It is generally thought that the mechanism behind these beneficial effects is the upregulation of nicotine receptors that are deficient in AD brain.
The results shown here suggest that an alternative mechanism could account for the beneficial effects of nicotine in AD. This mechanism involves a nicotine inhibition to -amyloidosis. A major weakness in this concept relates to the lack of physiological data to support a role for nicotine in amyloid formation or to support a role where nicotine binds to the amyloid -peptide. Moreover, the conditions used in the present study were not performed at the reported physiological concentrations, so extrapolation of the results to humans is difficult. For smokers, the average concentration of nicotine in plasma is approximately 10-50 ng/mL (0.062-0.31 µM), which rises in the afternoon hours to 30-150 ng/mL (0.18-0.90 µM) (U. S. Department of Health and Human Services, 1988; Jones, 1987; Benowitz, 1990) . The reported physiological concentrations of the -peptide in cerebrospinal fluid of AD patients is 0.0033 ( 0.0014 µM, which is nearly identical to that of non-AD control patients (Southwick et al., 1996) . For the present study, the lowest concentration we used was 3.1 µM, in which a nicotine inhibition to amyloidosis was seen, similar to the results at 50 µM. A more thorough analysis of the effects of varied concentrations of peptide and nicotine is clearly needed, and these studies are currently underway in our laboratory.
Our reasons for using higher, 50 µM concentrations is that the aggregation rate of the -(1-42) peptide is too slow at lower concentrations. A 50 µM concentration is well suited for monitoring the rate of peptide precipitation and following the time-dependent conformational transition from random coil f -sheet or R-helix f -sheet by CD over several days. As mentioned before, this conformational transition appears to be an important factor to enhanced neurotoxicity of the -peptide (Simmons et al., 1994; Harrigan et al., 1995; Pike et al., 1995) . At normal, physiological concentrations the production of aggregated -peptide as amyloid is very unlikely Snyder et al., 1994) . The reported concentrations of -(1-40) and -(1-42) peptides in cerebrospinal fluid are well below the threshold concentrations (∼350 µM) required for rapid aggregation (Snyder et al., 1994) . This suggests that, in order to produce amyloid deposits, localized regions of the brain must have much higher concentrations. The -peptide concentrations in preamyloid deposits, which are likely precursors to the amyloid plaques, are possible candidates (Tagliavini et al., 1988; Yamaguchi et al., 1988; Wisniewski et al., 1994) . Unlike the amyloid plaques, the preamyloid deposits show little neuritic alteration. It is generally thought that gradual, local accumulation of aggregated -peptide into polymeric fibrils may be necessary for the preamyloid f amyloid plaque conversion in AD (Selkoe, 1994) .
Structure and ReleVance of the Nicotine/ -Peptide Binding. The relative predominance of a particular solution structure (R-helix, -sheet, or random coil) of the -peptide is strongly influenced by the conditions (Hilbich et al., 1991; Barrow et al., 1992; Burdick et al., 1992; Terzi et al., 1995) . For solution NMR applications, it is necessary that the peptide adopts predominantly one defined structure, which is stable for long 2D NMR data acquisitions. Previous NMR studies demonstrated that the -(1-28) peptide folds into an ordered R-helical structure at pH 1-4 and 7-10 in aqueous solutions containing trifluoroethanol or micelles Talafous et al., 1994) . More recent NMR studies of a -(10-35)-CONH 2 fragment suggest a turn-strand-turn motif between His13 and Val24 in aqueous solution (Lee et al., 1995) , while the -(1-40) peptide forms two R-helical segments between Gln15-Asp23 and Ile31-Met35 in aqueous trifluoroethanol solution (Sticht et al., 1995) .
For the present study, we chose to investigate the binding of nicotine to the R-helical structure of the 1-28 region of the -peptide. The R-helical structure is very soluble, amenable to NMR analysis, and easily forms in aqueous solution with SDS-d 25 micelles (Talafous et al., 1994) . It is not possible to study the -(1-42) peptide in water solution at the higher concentrations required for NMR, since it adopts mixtures of rapidly interconverting R-helix, random coil, and aggregating -sheet structures. This mixture of structures and the additional problem of peptide precipitation would prevent the detection of resolved NMR signals. Moreover, the 1-28 peptide region is the most relevant section for nicotine binding, since it is polar and charged at physiological pH. The charged nicotine molecule would be more likely to bind to the polar 1-28 peptide region instead of the nonpolar 29-42 region (Figure 1) .
The NMR spectra for a 2:1 mixture of nicotine-peptide suggest that nicotine binds to the His residues of the R-helical structure (Figures 4 and 5) . The identical 0.2 ppm upfield shift of the 2H for His6, His13, and His14 suggests that the binding mode between nicotine and all three His residues may be similar. The upfield shifts are interpreted in terms of ring-current shift contributions, with the His 2H situated above or below the pyridine aromatic ring of nicotine. The downfield chemical shifts seen for the pyrrolidine 5′CH 2 and N-CH 3 of nicotine indicate that this region interacts strongest with the peptide. In fact, all the nicotine NMR signals shift downfield, with the 5-R-CH′ and 5--CH′ signals having the largest shifts of 0.24 and 0.31 ppm (Table 1) . This deshielding was rationalized in terms of a ring-current contribution from the His aromatic rings (Perkins, 1982) . The downfield shifts are consistent with 5′CH 2 protons located in the plane of the His rings.
Although the mixture contained a 1-fold excess of nicotine, NMR resonances for the free state of nicotine were not observed. The presence of single averaged resonances and the lack of any NOEs are consistent with nicotine binding to the peptide in a fast exchange manner (Lian & Roberts, 1993) . If the binding was in slow exchange, then two separate NMR resonances for the free and bound states would be present. A more complete analysis of the binding exchange rates and the determination of a binding constant will require additional studies with a wider range of peptide and nicotine concentrations.
Mechanism of the Nicotine Inhibition to Amyloidosis. The neuropathological hallmarks of AD brains are the abundance of intraneuronal neurofibrillary tangles and the deposition of the -peptide in the form of amyloid plaques. Additionally, the degree of neuronal damage and dementia in AD correlates with the extent of neurofibrillary tangle and amyloid plaque formation (Perry et al., 1978; Selkoe, 1994) . Several lines of evidence suggest that free-radical-based oxidative damage by the -peptide is responsible for the neurodegeneration in AD (Harris et al., 1995; Schubert et al., 1995; Goodman & Mattson, 1996) . Other data suggest that the neurotoxicity is directly related to the -peptide aggregation state and its propensity to generate -sheet secondary structures (Simmons et al., 1994; Harrigan et al., 1995; Pike et al., 1995) . More recent data suggest that fibrillar -peptide and focal amyloid deposits are not neurotoxic and that more soluble, partly aggregated complexes cause neurotoxicity (Oda et al., 1995; Wujek et al., 1996) . It may happen that the aggregation, secondary structure, and production of free radical species all play a role in -peptide-induced neurotoxicity. However, since nearly identical quantities of soluble -peptide are found in AD and age-matched-control patients (Southwick et al., 1996) , it seems more likely that generation of the amyloid plaques that contain aggregated -sheet structure is pivotal to the neurotoxicity.
Despite over a decade of research, the underlying mechanisms of the -peptide-induced neurotoxicity and its accumulation into insoluble amyloid deposits remain unknown. The most widely accepted concept involves an "amyloidinitiated-cascade" phenomenon, where altered production, removal, and aggregation of the amyloid -peptide initiates a sequence of events that leads to neuronal death (Wisniewski et al., 1994; Selkoe, 1995) . The amyloidosis may occur by the attachment of the -peptide to larger macromolecules, metals, or small amounts of preaggregated peptide that can act as a seed for precipitation. Some of the other components that induce aggregation include glycosaminoglycans (Brunden et al., 1993) , zinc (Mantyh et al., 1993; Bush et al., 1994) , apolipoprotein-E (Strittmatter et al., 1993; Ma et al., 1994; Evans et al., 1995; Soto et al., 1995c) , glycation (Smith et al., 1994; Vitek et al., 1994) , or NACP (Yoshimoto et al., 1995) . A list of the components that promote or retard aggregation and toxicity of the -peptide is given in Iversen et al. (1995) .
We and others have proposed another more detailed concept Talafous et al., 1994; Soto et al., 1995a; Soto & Frangione, 1995) , in which amyloidosis of the -peptide involves a conformationally driven mechanism, with soluble monomeric R-helical structures producing oligomeric -sheet structures that are toxic to neurons. Related R-helix f -sheet conversions for other peptides and proteins (Fan et al., 1993; Graf v. Stosch et al., 1995) , including peptide segments of the prion proteins Zhang et al., 1995) are well documented. These processes occur during normal aging that can be accompanied by changes of brain microenvironments, including -peptide concentrations, pH, and membrane integrity. These environmental factors can accelerate amyloid plaque formation and prevent proteolysis of the -peptide in AD. In the amyloid plaque, the -peptide exists in an oligomeric -pleated sheet structure that is resistant to further proteolysis and turnover (Crowther, 1991; Nordstedt et al., 1994) . It may happen that the soluble -sheet structure, which forms before the plaque, is likewise resistant to proteolysis, similar to soluble peptide segments of the amyloid forming prion proteins (Zhang et al., 1995) .
The present study establishes that nicotine binds to the R-helical structure within residues 1-28 of the -peptide, which provides a rationale for the nicotine inhibition to -sheet production and precipitation. As outlined in Figure  7 , the binding may slow down or prevent an R-helix f -sheet conversion. In solution, freshly prepared, monomeric -(1-42) peptide adopts mixtures of R-helix, random coil, and -sheet structures that are in equilibrium. The precipitation drives the equilibrium toward -sheet structure, so once precipitation has begun the R-helical structure will rearrange to the oligomeric -sheet structure [R-helix f -sheet (solution) f -sheet (precipitate)]. For the peptide solutions with and without nicotine, at 0 h the respective CD data showed 8% and 58% -sheet structure ( Figure 2C ). The small amount of -sheet structure for the solution containing nicotine, along with the absence of an isodichroic point in the CD spectra ( Figure 2B ), suggests that initially greater than two conformations coexist in solution. The weak FIGURE 7: Mechanism of nicotine inhibition to amyloidosis, where nicotine prevents -sheet formation by binding to the monomeric R-helical structure. Once generated by proteolytic cleavage from the amyloid precursor protein (APP) (Selkoe, 1994) , the -peptide is soluble and adopts an equilibrium mixture of random coil, monomeric R-helix, and oligomeric -sheet structures. When the -sheet structure reaches a critical mass, it precipitates as an amyloid deposit, and this causes the equilibrium to shift toward more -sheet structure. Inhibitors of amyloidosis, such as nicotine, would bind to the more soluble R-helical structure and slow down or prevent an R-helix f -sheet conversion.
negative band at 195 nm establishes that the major conformation is random coil (Figure 2B ), but it is conceivable that minor quantities of R-helical structures may be present. In support of this notion, recent molecular dynamics simulations in water solution at physiological pH showed that the -(1-28) peptide adopts a rapidly interconverting ensemble of conformations, with significant quantities of R-helical structure (Kirshenbaum & Daggett, 1995) . Although our previous CD studies indicate that the -(1-28) adopts predominantly random coil structure in water solution at physiological pH , Kirshenbaum and Daggett (1995) suggested that the R-helical CD bands may be diminished due to the presence of large quantities of unfolded species. This explanation supports the conclusions in the present study.
CONCLUSIONS
Detailed knowledge of the chemistry, solution structures, and molecular mechanisms of amyloidosis of the -peptide is urgently needed, since they can guide parallel pharmacological studies. On the basis of results from CD and NMR, we first proposed (Barrow & Zagorski, 1991 ) that the -peptide may normally exist in human biological fluids in a soluble form and that the longer 42-residue peptide results from an abnormal proteolysis. Subsequently, both of our propositions were shown to be correct using both in vivo and in vitro studies (Seubert et al., 1992; Shoji et al., 1992; Busciglio et al., 1993; Suzuki et al., 1994) . There are currently no effective treatments for AD, and the current drug development process is often cumbersome, taking an average 8.8 years for approval (Cutler & Sramek, 1995) . The present study represents the first example of the combined use of a standard precipitation assay, together with CD and NMR techniques to study the interaction of a small organic molecule with the amyloid -peptide. This work established that in vitro nicotine and cotinine inhibit amyloidosis, perhaps by binding to the more soluble R-helical structure and preventing an R-helix f -sheet conversion. This approach can assist in the design of less toxic analogs to prevent an R-helix f -sheet conversion during amyloidosis in AD, which may be applied to treatment of the disease. Most significantly, recent studies showed that nicotine inhibits -peptide-induced neurotoxicity (Kihara et al., 1996; Shimohama, 1996) . Although it is not yet known whether in vivo nicotine inhibits amyloidosis, the work presented here suggests that further research into this possibility would be a worthwhile endeavor.
